During measurements of the circadian (approximately 24-hr) rhythms of spontaneous bioluminescence in the marine dinoflagellate Gonyaulax polyedra, the individual cultures in vials were shielded from otherwise constant dim light for 1-3 min every 20-60 min by a photomultiplier housing that was moved from vial to vial. The high-frequency dark pulses caused a small but consistent shortening of the free-running circadian period, but there was no indication that the dark pulses caused entrainment. Hardware and software components of the microcomputer-controlled data collection system are described. A microcomputer controlled the movement of the photomultiplier and acquired the data via an analog-to-digital converter. The algorithms distinguished and separately recorded background glow, intermittent flashes, and total light from populations ranging in number from 10 3 to 10 5 cells in volumes from 1 to 10 ml. Fast video display techniques allowed continuous on-line viewing of incoming data, together with a display of the data recorded over the preceding day or two. Detection of mechanical and software errors coupled with recovery systems maintained high reliability of data collection.
Although the organisms may be under nominally constant conditions, data acquisition in circadian systems often involves brief (seconds or minutes) changes in conditions for purposes of measurements, which may be made 10 or more times per day. In general, such &dquo;test&dquo; or &dquo;observation conditions&dquo; are believed not to alter the fundamental character of the rhythm in question; this is deduced primarily from the fact that under such conditions rhythms appear to remain circadian, with a period different from 24 hr, and not related to the frequency of the measurements. An apparent exception was reported with Euglena, whose phototactic rhythm may be assayed by repeated exposures to test lights (Pittendrigh and Bruce, 1957) . With 15-min tests every 2 hr the observed period was 24 hr, but with tests every 24 hr the period was either 222 or 244 hr. This was interpreted as a type of entrainment and referred to as 1. Present addresses: Hellmuth Broda, Ciba-Geigy AG, CH 4002 Basel, Switzerland; Van D. Gooch, Division of Science and Mathematics, University of Minnesota, Morris, Minnesota 56267; Walter Taylor, Data Acquisition Systems, 11 Farnsworth Street, Boston, Massachusetts 02210; Nick Aiuto, Teradyne, Boston, Massachusetts 02118. &dquo;frequency demultiplication&dquo; or &dquo;observation entrainment.&dquo; Thus, the rhythm was believed not to be &dquo;free-running.&dquo;
To our knowledge, no other examples of this type have been reported. Edmunds and coworkers have used a variety of higher-frequency light-dark (LD) cycles (0.3-3 hr lights-on, 0.3-3 hr lights-off), and also random illumination regimens in lieu of constant conditions, in studies of circadian rhythms of cell division and photosynthesis in Euglena (Edmunds and Funch, 1969a,b) . Under these conditions the rhythms are interpreted as being circadian in character, but the periods may actually differ, depending upon the frequency of the cycle used (Adams et al., 1984; Edmunds and Laval-Martin, 1984) . No specific explanation for the period differences has been put forward.
In the present paper, we report an effect of the measurement procedures on the free-running period of the circadian rhythm of bioluminescence of the marine dinoflagellate Gonyaulax polyedra. The rhythm is precise (Njus et al., 1981) , but its persistence is dependent upon energy derived from photosynthesis, so that cultures must be maintained in continuous illumination (LL). The measurement of the bioluminescence then inevitably requires that the culture be placed in the dark for the period of observation. In the system described here, this occurred about 40-100 times per day, programmable by the experimenter. We also describe some details of the computerized system that controlled the experimental apparatus, analyzed and reduced the data, and managed the representation and storage of the data. Cultures of Gonyaulax polyedra (strain 70, isolated by B. M. Sweeney) were grown in 2.8-liter Fernbach flasks in a modified seawater medium (f/2; Guillard and Ryther, 1962) at 19 ± 2°C, under cycles of 12-hr alternating light (150 ~E'm -2'sec-I; coolwhite fluorescent bulbs) and dark (LD 12:12) . For measurements of free-running circadian rhythms of luminescence, 10-ml aliquots of the cells were dispensed into scintillation vials late in the light phase and transferred to LL on the instrument at the end of a subsequent dark phase (Taylor et al., 1982a) . Light intensities were measured with a LiCor LI-1925 sensor (LiCor, Inc., Lincoln, NE).
HARDWARE AND SOFTWARE

INSTRUMENTS
The experimental setup was located in a electromagnetically shielded dark room with controlled temperature and illumination. The measurement apparatus, represented in Figure 1 , provided water-jacketed receptacles for 60 sample vials on two separate tracks, each with its own circulating water bath and photomultiplier tube (Taylor et al., 1982b) . The two photomultiplier tubes and their housings moved alternatively from one vial position to the next to monitor the light emission from the cells. Picoammeters converted the photomultiplier current into a voltage, which was then converted into a digital signal by a 12-bit analog-to-digital converter of our own design (Taylor et al., 1982b ) and interfaced to an Apple ll'!Rl microcomputer. Readings from temperature probes were also fed through preamplifiers to the Apple via the analog-to-digital converter. Temperatures were read with a resolution of 0.1°C and stored after each round as the mean of 30 readings. The Apple provided instrumental control for data acquisition, reduction, display, and storage. Movement of the photomultipliers was controlled by the main program in the Apple via TTL outputs on the game input-output port. The polarities of the game port connections were such that on &dquo;RESET&dquo; or &dquo;power up&dquo; the photomultipliers started moving, and the direction of movement was controlled by flip-flop relays operated by the switches (S) at the ends of the tracks.
A 20-megabyte hard disk (Winchester technology, Corvus Systems, San Jose, CA) with the Constellation Network disk access controller provided important capabilities for the system. Other Apples interfaced to the hard disk could share the data for plotting and analysis that were being concurrently recorded by the computer in the experimental setup. THE MAIN PROGRAM, DATA ACQUISITION, AND DISPLAY The main program (Fig. 2 ) was written in Applesoft Basic, with a major machine language subroutine used for most of the data acquisition. At the beginning of the experiment, the Apple loaded the disk operating system (DOS 3.3) and an initialization program, which then read in all the necessary information concerning the experiment, gained access to the hard disk (Corvus), and loaded the main program for execution. When data collection was started for a vial, information about that vial was presented on the video monitor (see below). Before moving the photomultiplier housing to the next vial, the main program checked to see whether the keyboard had been pressed, indicating an operator request. At the end of a round (60 vials), microswitches at the ends of the tracks reversed and restarted the photomultiplier housings, and diskette and hard disk were updated.
During data acquisition from the photomultiplier, the analog-to-digital converter made approximately 17,000 measurements per second. The data conversion itself from the analog signal consumed only about 20 >sec; the remainder of the time was used for calculations and data display by a machine language subroutine. In order to eliminate noise, 64 measurements were averaged before display or further calculations. Vials were monitored for up to a maximum of 60 sec (about 16,000 averaged measurements).
The lower half of the Apple graphic screen (Fig. 3 ) was used to plot the actual incoming data stream in real time as single dots (each dot represented the average of 64 readings) on consecutive locations on the screen, thus resembling a digital oscilloscope. The sweep time was approximately 2 sec; subsequent sweeps were superimposed without erasing the screen so that all flashes encountered during a reading interval might be visualized, as in a storage oscilloscope. Rather than using the Apple plotting subroutines, we developed a subroutine that was faster, was more consistent in timing, and allowed 560-horizontal-dot resolution rather than the conventional 280. FIGURE 3. Graphic video (CRT) display just after data acquisition. 1, current vial number; 2, section number to which data were currently stored; 3, round number (the vertical bar moved one step to the right after each round, adding the most recent point to the left of the bar and erasing the oldest point to the right); 4, scaling factor for history data, affecting only the display; 5, history plot of the glow data; 6, history plot of the flash data; 7, number set for flash determination; 8, real-time display of incoming data (overplotted several times; the spikes reflect flashes); 9, flash discriminator value, which set the threshold for flash detection; 10, bias of the incoming data reflecting the glow level. Information on the lines at bottom: first line-VIAL, vial number; GW, glow value (internal units); FL, counted flashes; TL, total light value divided by 10; TI, time (measurement) interval in seconds; second line-date; time; MIN, minutes since midnight of first day; FRE, free bytes available in memory; EXP#, experiment number; third line-readings from the three temperature probes; PTS, number of plotted points during the measurement interval; fourth line-operator instruction for termination, interrupt, and emergency restart of data acquisition.
The bioluminescent glow values for the preceding 60 rounds (last 1-2 days) of the vial currently being measured were displayed on the upper half of the monitor screen. The displayed amplitude of this history plot could be adjusted by powers of 2 at any time, without interruption of the data acquisition in progress, by pressing one of the keys from 0 to 9.
DATA ANALYSIS, REDUCTION, AND STORAGE
The bioluminescent signal from the cell suspension ( Fig. 3) comprises two principal components: a continuous low-level emission called &dquo;glow,&dquo; and the superimposed higher-intensity individual &dquo;flashes.&dquo; The program allowed us to measure and determine changes in glow level, flash frequency, and total light during a circadian day. At its maximum, the intensity of the glow in Gonyaulax is about 104 quanta per second .. per cell, while individual flashes may exhibit a peak intensity five orders of magnitude greater (Krasnow et al., 1980 (Krasnow et al., , 1981 .
Glow was determined as the average of the 16 lowest values out of about 10,000 measurements (Taylor et al., 1982b) . This differed from the procedure of Krasnow et al. (1980) , which used a histogram algorithm to determine the average glow value. The absolute glow value determined by our algorithm was thus a slight underestimate, but this had no apparent influence on either the form of the circadian glow signal or its phase. Flashes caused by the cells had to be discriminated from random fluctuations in the data due to noise; essentially, the flashes were always sharper and larger in magnitude than noise. Two parameters were set in advance to help make these distinctions : the flash discriminator value and a rise number. The program first determined the slope from one time point to the next by calculating the difference between these two points. If a flash was in its initial stages, then this slope would be sufficiently positive (greater than the flash discriminator value), and the signal would continue to rise over a set number of subsequent measurements (the rise number). When these conditions were met, a flag in the program was set, indicating that a flash was in progress. Once the flash passed its peak, a negative slope in the signal would occur. When this negative slope was detected, the flash count was incremented by 1 and the '~.. , FIGURE 4. Comparison of the numbers of flashes counted per unit time (top panel, FL) with the amount of light attributable to the flashes (TL -GW), obtained by subtracting the glow (GW) data from the total light (TL) integrated during the measurement interval. The flashes were counted with the algorithm described in the text. The differences in the top two traces may be attributed in part to the occurrence of different-shaped flashes at different times of day . (Krasnow et al., 19tH) . .. , , flag was reset to 0, allowing the program to branch into the subroutine that again looked for the start of a new flash. We checked the algorithm by comparing flash counts obtained from printed graphic screens with program counts. Agreement was better than 90% when the flash discriminator was set at 1,300 internal units and the rise number was set at 3.
The integrated signal, which included both flashes and glow, provided a value for the total light (TL) during the measurement interval.
Sample traces over a 14-day time span are presented in Figure 4 for the glow (GW), the total light (TL), the calculated total light in flashes (TL -GW), and the counted flash frequency (FL). The total light attributable to flashes was estimated by a point-to-point subtraction of the glow value from the reading for total light. While the patterns of both the flash count and the flash intensity possessed the same phase, differences in the form of the signals may have reflected the fact that flashes have different amplitudes and widths over the day (Krasnow et al., 1981) . We also noted this by analyzing the screen printouts over a day. As reported previously (Krasnow et al., 1980) , emission from flashes exhibited a rhythmic pattern that was out of phase with the glow rhythm.
Data were stored on both 54&dquo; floppy diskettes and the Corvus 20-megabyte disk after every round. Data loss due to a brief power failure was thus one round at the most (see also the discussion of the &dquo;Auto-Start,&dquo; below). Experimental data from the hard disk were later transferred via the hard disk's backup feature (&dquo;mirror&dquo;) to an inexpensive home video recorder using standard VHS videocassette tape; data could be transferred back to the hard disk at any time.
MALFUNCTIONS, FAULT RECOVERY, AND EDITING
The Apple was equipped with an &dquo;Auto-Start&dquo; Monitor ROM; turning on the power would activate the disk drive, load the operating system from disk (DOS 3.3), and load and run the program. If an alternating current (AC) power failure of sufficient length to completely shut off the microcomputer occurred (5 sec or more was sufficient), the experiment restarted automatically (Broda et al., 1983) .
On the other hand, very brief power failures or system crashes, for example, could alter parts of the Apple memory without affecting and activating the Auto-Start ROM. Hardware and software were designed to overcome this situation. A 90sec countdown timer in a circuit external to the computer was activated by the computer at the same time that the computer sent a signal to move the photomultiplier along the track to a new vial position. Since, under normal operation, the photomultiplier was being signaled to move within a time less than 90 sec (usually 20-60 sec), then the 90-sec countdown clock never reached 0 and no special action was taken. However, if there was a malfunction in the hardware or software such that an appropriate signal was not sent, then the countdown timer did reach 0. When this happened, the external circuit caused the computer to be turned off and then after 15 sec turned on again.
This caused the computer to activate the Auto-Start as described above; this was recorded automatically in a notes file that was stored on the data diskette.
Several kinds of errors were programmed to activate distinct alarms. These included inability to write to diskette and incorrect vial count in a given round. Operator attention and (sometimes) subsequent correction by programs that edited the data could deal with such problems.
Data-editing programs made available the following options: listing a specified range of vials for a specified number of round; deleting or inserting vials; deleting or inserting a round; correcting the time value (minutes count); or changing a single value in any of the parameters.
The notes from the experiment could be listed and printed at any time. Also, the time-series data from any one vial could be plotted section by section on some other computer high-resolutioi. screen by accessing the data on the hard disk; the diskette did not need to be moved.
The collection and analysis of biological rhythm data are greatly facilitated by inexpensive microcomputers. In the system configuration described here, the realtime display of incoming data allowed us to observe directly the behavior of the cells in a given vial. The history plot, together with the hardcopies from the plotter (which could be updated easily each day), permitted us to monitor the progress of the experiment and to visualize the form of the circadian rhythm in individual cultures. The prediction of phase for individual vials and decisions concerning experimental procedures with a running experiment could then be made.
RESULTS AND DISCUSSION
The cultures from which light emission is measured are generally said to be in LL (Krasnow et al., 1980; Sulzman et al. 1982) . But this is not really so. The measurements of bioluminescence using the equipment described here were programmed for 20-60 sec at each vial, during which time the cells were in the dark. Since each track held 30 vials and the housing carrying the photomultiplier tube had a width covering three vial positions, the vials were in the dark about 10% of the time. We dedicated a series of experiments to determining what effect these dark periods might have on the bioluminescence rhythm. By virtue of the measurements procedure, the cells were exposed to LD cycles at a frequency of about four time ,.r hour, much higher than ' the circadian frequency. We looked for a possible influence of the duration of the individual measurement intervals (over the range of 10-100 sec, but always darkness for 10% of the time) on the free-running period, but none was observed. However, when compared to true LL, differences were observed in the free-running period that could be attributed to the dark periods (= pulses).
In the experiments shown in Figures 5A and 5B , we recorded from all vials for the first 42 days and at two different temperatures. The free-running periods over this time were 21.81 ± 0.04 hr (n = 24) at 19.4°C and 23.48 ± 0.04 hr (n = 21) at 25.1°C. The end switches were then moved on the tracks to a center position so that for the subsequent 5 days half of the vials were in true LL; the remaining vials were subjected to higher-frequency LD cycles during this time as a consequence of the measurement procedure. (Because the shortened track length was only 15 vials, these cells were in the dark 20% of the time.) The system was then returned to full-tracklength observation for an additional several days. A comparison of the two classes of vials revealed that in those subjected to repeated dark pulses by the measurement FIGURE 5. Phase plots of the glow maxima in the bioluminescence rhythm at different temperatures with a series of paired vials, one of which was kept in constant light for several days while the other was subjected all the while to continued measurement and thus to 60-sec dark pulses about every 20 min. Ordinate, day number; abscissa, time at which the glow luminescence maximum occurred on that day. (A and B) Two sets of paired vials, at 19.4°C and 25.1°C, all of which were measured for the first 41 days. One vial from each set was then kept in LL for 5 days, after which they were again subjected to measurement. (C and D) Two sets of paired vials, at 18.8°C and 22.1°C. One vial from each set was left in LL for the first 6i days while the other was measured. All vials were then subjected to measurement. procedure, the rhythms were phase-advanced by about 52 hours at 19.4°C and 32 hours at 25.1°C. In effect, the free-running periods of cells in true LL, as determined by extrapolation, were longer than those subjected to dark pulses (Table 1) .
Similar experiments were carried out in which during the first 6~ days half of the vials at one end of the track were in true LL and the other half were being measured (Figs. 5C and 5D ). The periods of those being measured all the time-22.2 ± 0.06 hr (n = 7) and 22.85 ± 0.06 hr (n = 9) at 18.8°C and 22.1°C, respectively-were shorter than those kept in completely constant light ( Table 1) . The results again illustrate that the rhythms of cultures in vials subjected to repetitive measurements (dark pulses) were phase-advanced as compared to those left in true LL.
In both experiments, an increase in the free-running period occurred after 7 to 9 days. Although it might be thought to have been associated with the change in the frequency of measurements, this was probably not the case. In later experiments, a similar change was found to occur spontaneously, and it was shown that it did not occur in cultures in which the medium was repeatedly replaced by fresh medium (Broda et al., 1986) . It is thus postulated to have been due to a substance accumulating in or depleted from the medium.
There are at least two straightforward interpretations of the effect of dark pulses on the free-running period. One is that it was due to the differences in the amount of light to which the different cultures were exposed. But the differences in light exposure were only 10-20%. In separate experiments using this same instrumentation, differences in light intensity over this range (and even greater) were found to result in no significant differences in the period (Fig. 6) . At higher intensities the period became shorter, as previously recorded for the stimulated rhythm of cells kept in true (Hastings and Sweeney, 1958) . In any case, this effect was in the opposite direction of that observed in the experiments of Figure 5 . Thus we believe that this explanation is not tenable.
A second interpretation is that the dark pulses resulted in repetitive phase shifts; that these phase shifts were advances during one phase of the circadian cycle and delays during another; and that, by virtue of the character of the phase response curve, the advances were greater in the aggregate than the delays. This is consistent with the published phase response curve for light pulses in Gonyaulax (Hastings and Sweeney, 1958; Hastings, 1964) . The phase response curve for dark pulses was determined ( Fig. 7) and shown to be similar; the advance portion was substantially greater than the delay area. But the postulate that this may have accounted for the observed effect is flawed (but not ruled out) by the fact that phase response curves are determined by using single pulses, whereas in the experiments in question there were repeated pulses over the course of the day. If phase shifts, whether advances or delays, are instantaneous, then during the advance portion of the cycle repeated pulses will serve to cause the system to move more rapidly through it and thus to have a smaller FIGURE 6. Effect of intensity of LL upon the period of the luminescence glow rhythm. Light intensities were made to differ in the different vials by tilting the fluorescent bulbs; measurements of the intensities were made at each vial position. Cells were transferred from LD to LL on the instrument at the end of a dark period; measurements (30 sec at each vial) were continued for 5 days in LL; the periods plotted are the averages ± SD determined over that time. The intensity generally used in experiments was 35 [LE . m -2. sec-' (noted by the arrow). FIGURE 7. Phase response curve for the effect of dark pulses on the phase of the luminescence glow rhythm. Cells were transferred from LD to LL (35 (JbE -m-2sec -1, 19°C) at the end of a dark period. Individual vials were subjected to 4-hr dark pulses at times centered on the points plotted (indicated by the bar on one point). For about 14 hr of the cycle, dark pulses resulted in phase advances; for the remaining 10 hr of the cycle, there were phase delays, smaller in magnitude. effect than predicted from single pulses. During the delay portion of the cycle, repeated pulses would tend to hold the system there and to give rise to a total delay greater than predicted. How such presumed effects would alter the results quantitatively is difficult to estimate. In spite of this concern, we believe that this second interpretation is applicable. Whether or not these findings have complicating implications for the interpretations of the results of experiments with this instrumentation is also difficult to say. The periods appeared to be circadian and not subject to entrainment by &dquo;frequency demultiplication&dquo; (Pittendrigh and Bruce, 1957; Pittendrigh, 1958) . Moreover, except for the vials at the end of the tracks (which we did not use for period-critical measurements), all were affected evenly. It may also be noted (e.g., Fig. 5A , vial 18; Fig.  5C , vial 19; Fig. 5D , vial 20) that there was an apparently spontaneous increase in period (T) that might occur after about 6 to 9 days. As mentioned above, this is not attributed to the measurement procedure, but to some effect related to the medium, since it did not occur in cultures in which the medium was repeatedly replaced by fresh medium (Broda et al., 1986) .
In procedures for measuring some circadian rhythms (e.g., phototaxis), the experimental conditions cannot be completely constant. For example, in measurements of rhythms of phototaxis in Euglena or Chlamydomonas, a &dquo;test light&dquo; may be applied at regular intervals (e.g, for several minutes every hour or two) (Pittendrigh and Bruce, 1957; Bruce, 1972) . Except for the possible occurrence of &dquo;frequency demul-tiplication&dquo; (Pittendrigh, 1958) , it is nevertheless generally assumed that the rhythm is circadian and that the clock is &dquo;free-running&dquo;-that is, not &dquo;entrained&dquo; or &dquo;locked&dquo; or coupled to any environmental periodicity. Our experimental procedures with the rhythm of Gonyaulax bioluminescence were similar, involving a brief dark period of some 1-3 min every 20-60 min. In this case the rhythm is also believed to have been circadian in character, but the results presented here show that the period of the freerunning rhythm was shorter when interfered with by measurements than the period in cultures maintained in complete LL. The effect is not attributable to the total exposure to light as such, but is interpreted as being due to repetitive phase shifting and to the fact that in the aggregate &dquo;advance&dquo; phase shifts outweighed &dquo;delay&dquo; phase shifts, resulting in an apparently shorter period.
